Mechanical alloying followed by pulse discharge sintering (MA-PDS) has been employed to develop the bulk (Bi 1−x Sb x ) 2 Te 3 thermoelectric materials with various Sb alloying contents. Substitutional solid solutions of (Bi 1−x Sb x ) 2 Te 3 are formed in the whole Sb content range by MA-PDS process. The sintered compacts are dense and have refined microstructures. Systematic investigations on the electrical, thermal and thermoelectric properties reveal that the transport properties of the obtained (Bi 1−x Sb x ) 2 Te 3 samples are quite sensitive to the Sb alloying content. At room temperature, the samples with x < 0.57 exhibit n-type semi-conduction. However, at x > 0.57, the samples become p-type. The pure constituents of Bi 2 Te 3 and Sb 2 Te 3 as well as the Sb-poor, n-type samples exhibit the room-temperature figure of merit of the order of 1.0 × 10 −3 K −1 . High values of figure of merit have been obtained in the Sb-rich, p-type samples. The maximum value of 3.35 × 10 −3 K −1 is attained at x = 0.80, which corresponds to the carrier concentration and Hall mobility of 1.95 × 10 19 cm −3 and 207 cm 2 /Vs, respectively.
Introduction
Bi 2 Te 3 , Sb 2 Te 3 and their solid solutions (Bi, Sb) 2 Te 3 are of great interest for near-room-temperature applications in thermoelectric (TE) cooling devices. [1] [2] [3] As a measure of the performance of a thermoelectric device, the figure of merit of the constituent TE material (Z ) is defined by Z = S 2 σ/κ, where S, σ and κ are respectively the Seebeck coefficient, electrical conductivity and thermal conductivity. The bulk Bi 2 Te 3 -based thermoelectric materials are now available by several existing techniques such as unidirectional casting and powder metallurgy. [4] [5] [6] [7] Powder processing, say hot/cold pressing, is an effective technique for fabricating the bulk TE materials. This approach is superior to the conventional unidirectional solidification for single-crystal growth in some aspects. For example, it is very simple in processing, and the refined microstructure produced by powder metallurgy eliminates the possibility of catastrophic failure of the product due to cleavage and thus increases the mechanical strength. Two ways are now available for producing powders by either mechanical alloying of the elemental powders or mechanical grinding of the pre-melted ingot. Some early studies [4] [5] [6] indicated that solid solutions of (Bi 1−x Sb x ) 2 Te 3 over the entire compositional range of Sb are available by powder metallurgy. Transport property measurements demonstrated that the hot-pressed p-type (Bi 1−x Sb x ) 2 Te 3 polycrystals showed room-temperature figure of merit values that were close to or greater than 3.0 × 10 −3 K −1 at the Sb alloying level of 0.70 ≤ x ≤ 0.80. On the other hand, unlike single crystals, the sintered (Bi 1−x Sb x ) 2 Te 3 polycrystals will not retain a single sign of charge carriers as x changes. For example, a p-n transition was reported in the pressed (Bi 1−x Sb x ) 2 Te 3 alloys at x = 0.67. 4) Below x = 0.67, the alloys are n-type, above it the alloys become p-type.
A new processing technique, mechanical alloying followed by pulse discharge sintering (MA-PDS), has been developed in our laboratory to fabricate the bulk Bi 2 Te 3 -based thermoelectric materials. 7) In this processing, mechanical alloying (MA) allows the formation of extremely fine (Bi, Sb) 2 Te 3 solid solution crystallites from the elemental powders of Bi, Sb and Te through a sequence of collision events inside a ball mill. The mechanically alloyed powders are subsequently compacted into bulk by pulse discharge sintering (PDS) for further microstructure and transport property characterizations. In comparison to the conventional hot-pressing process, the very short time and the low temperature exposure of MA powders achieved by PDS offers the best means to retain fine grain size in compacts. Therefore, the combination of MA and PDS processes may result in very fine microstructures of the final product. In a previous study, we have successfully synthesized the bulk (Bi 0.25 Sb 0.75 ) 2 Te 3 alloys with various contents of Ag and BN by MA-PDS process. 7) As a continuous study, in this work the bulk (Bi 1−x Sb x ) 2 Te 3 alloys with various x values were made by means of this new technique. A systematic investigation on the microstructure and the transport properties of the bulk samples was conducted as a function of the Sb content. The purposes are to examine how the Sb content affects the transport behavior of the compact, and, meanwhile, to explore the possibility of optimizing the room-temperature figure of merit of the Bi 2 Te 3 alloy by Sb alloying.
Experimental Procedures
5N elemental powders of bismuth (−80 mesh), tellurium (−100 mesh) and antimony (−100 mesh) were selected as starting materials for mechanical alloying. MA was carried out in a vibratory ball mill under the fixed vibration frequency of 25 Hz. The stainless steel vial with ZrO 2 lining and ZrO 2 balls of 15.5 mm diameter were utilized. The elemental powders in the desired composition were pre-mixed and loaded into the vial at the ball-to-powder mass ratio of 75:1. The milling was conducted in argon atmosphere for 200 h without interruption. All the powder handling was done in an argon-filled glove box, in which the oxygen level is kept below 5 ppm, to prevent the powders from oxidation. Typically, about 25 g of the alloyed powders were obtained after each run.
The mechanically alloyed powders were sieved and the powders under 28 µm were used for the subsequent pulse discharge sintering (PDS). PDS was performed in a DR.SINTER SPS-1020 system in vacuum (10 −3 Pa). Graphite molds and punches were used with sprayed BN particle coating to reduce friction during compact ejection. The temperature and pressure programs were shown in Fig. 1 . The initial pressure applied was 16 MPa. At 473 K, the pressure was raised to 50 MPa. And the load was kept at 50 MPa until the whole sintering process finished. During sintering, a direct electric current with imposed pulse waves, the intensity of which is proportional to the temperature, was applied. The sintering temperature was measured using the thermocouple inserted into the mold. The resultant compact is a column of 5-10 mm height and 20 mm diameter.
X-ray diffraction (XRD) of the as-milled powders and the as-sintered compacts was carried out in a Philips X'Pert-MPD system (Cu Kα) over a 2θ span of 20
• to 80
• . Scanning electron microscope (SEM) observations on the fracture surfaces of the compacts were made along the pressing direction on a Philips XL-30S system. SEM was operated at an accelerating voltage of 10 kV.
Samples in the forms of disk and pillar were cut from the columnar compacts by electro-discharge machine (EDM) for Hall effect, thermal diffusivity and Seebeck coefficient measurements. All the measurements were made with the heat/current flow perpendicular to the pressing direction. Electrical resistivity (ρ), Hall coefficient (R H ), carrier concentration (n) and Hall mobility (µ H ) were determined from 80 K to 380 K on a ResiTest 8300 DC Hall Measurement apparatus. We used liquid nitrogen to cool the samples. A constant magnetic field of 0.86 T was applied during the Hall coefficient measurement. The carrier concentration (n) was calculated from the Hall coefficient, assuming a single carrier model and a Hall scattering factor of unity, by n = 1/(R H e), e is the electronic charge. The Hall mobility (µ H ) was calculated from the Hall coefficient (R H ) and the electrical resistivity (ρ) values by µ H = R H /ρ. The errors were estimated to be ±1% and ±2% for the resistivity and the Hall coefficient data, respectively. Density of the compact was determined by the Archimedes method. Specific heat capacity (c p ) was determined on a differential scanning calorimeter (DSC, Seiko EXSTAR DSC6200). We use pure sapphire as the standard sample. The thermal diffusivity (κ d ) was determined on a Laser Flash TC-7000 Thermal Constant Analyzer in vacuum. The thermal conductivity (κ) was calculated from the experimental density (d), heat capacity (c p ) and thermal diffusivity
The Seebeck coefficient was determined on an ULVAC ZEM-1 apparatus in He gas.
The temperature gradients applied on the two ends of the pillar sample were 10-30 K. The estimated error for the Seebeck coefficient data was no more than 3%. With increasing the antimony content the diffraction peaks shift to higher angles, indicating that alloying of the Sb atoms occurs during MA. The diffraction peak broadening was due to the grain size refinement and the introduction of atomic level strain. The above result confirmed that the substitutional solid solutions of (Bi 1−x Sb x ) 2 Te 3 were formed over the entire compositional range of Sb under the current mechanical alloying conditions.
Results

Synthesis of the bulk (Bi
The mechanically alloyed powders were subsequently compacted into bulk by PDS. As shown in Fig. 3 , all the compacts keep the single-phase state. And the (Bi, Sb) 2 Te 3 crystals in the compacts have no obvious preferred crystallographic orientation. Table 1 lists the determined density and lattice parameters. Evidently, Sb alloying decreases the density of the compacts and the lattice parameters of the (Bi, Sb) 2 Te 3 phase. For comparison, we prepared an ingot of (Bi 0.25 Sb 0.75 ) 2 Te 3 , where the calculated density is 6.77 g/cm 3 , which is comparable to that (6.76 g/cm 3 ) of the sintered sample.
We employed SEM to observe the fracture surfaces of the compacts. In Fig. 4 , one can see that all the compacts are dense and have very fine microstructures. The Sb content change makes little difference to the morphologies of the frac- samples was studied from 80 K to 380 K in Fig. 6 . The weak temperature dependence of resistivity at low temperatures is characteristic of narrow band-gap nature of the current (Bi, Sb) 2 Te 3 semiconductors. Interestingly, at x = 0.30, 0.50 and 0.60, the resistivity was found to decrease with temperature at above room temperature. In other words, intrin- sic conduction begins to predominate in these samples above room temperature. For other samples, however, the extrinsic conduction is predominant over the entire temperature range studied. It is noteworthy that the samples with x = 0.50 and 0.60 display much higher resistivity than other compositions. Based on these results, it is concluded that the Sb atoms strongly affect the electrical behaviors of the bulk samples. The specific heat capacity (c p ) of the sintered compacts was determined from 273 K to 373 K by DSC. As seen in Fig. 7 , c p increases with temperature for all the compositions. The two n-type samples with x = 0. 15 Now, the room-temperature figure of merit can be estimated from the experimental Seebeck coefficient, electrical resistivity and thermal conductivity values. Table 3 lists all the experimental data for Z calculation. It is seen that the pure Bi 2 Te 3 and Sb 2 Te 3 as well as the samples with x ≤ 0.60 Table 2 exhibit Z values of the order of 1.0 × 10 −3 K −1 . High Z values appear in the Sb-rich samples. The optimized figure of merit of 3.35 × 10 −3 K −1 was attained at x = 0.80. This composition corresponds to a comparatively higher S 2 σ and simultaneously a lower κ. 2 Te 3 samples were determined as a function of the reciprocal temperature in Fig. 8 . It was found that both the magnitude and the sign of R H were significantly affected by Sb. At low temperatures, R H is almost constant. The pure Bi 2 Te 3 as well as the two samples with x = 0.15 and 0.30 has negative Hall coefficients, meaning that these samples are n-type conducting in the temperature range studied. Interestingly, in the sample with x = 0.50 the measured R H changes from positive to negative at around 300 K, which indicates that above 300 K the sample was changed from p-type to n-type. For the samples with x ≥ 0.60, a p-type conduction is dominant from 80 to 380 K.
Hall effect of the bulk (Bi 1−x Sb x ) 2 Te 3 thermoelectric materials made by MA-PDS The Hall coefficients (R H ) of the sintered (Bi 1−x Sb x )
The carrier concentration was calculated from the Hall coefficient and was plotted as a function of reciprocal temperature in Fig. 9 . One can see that the carrier concentration is quite sensitive to the Sb content. At low temperatures, the carrier concentration almost keeps constant in all the compositions. The pure constituents of Bi 2 Te 3 and Sb 2 Te 3 have the largest carrier concentration values. Alloying of Sb decreases the carrier density and the decrement strongly depends on x value. The n-type samples (x = 0.0, 0.15 and 0.30) have comparatively higher carrier densities than the p-type ternary solid solutions. With the increasing temperature, there is a jump in the carrier concentration of the sample with x = 0.50 at around 300 K. This can be reasonably ascribed to the p-n transition that took place at this temperature as confirmed by the change in the sign of Hall coefficient in Fig. 8 . Obviously, among the samples we studied, x = 0.50 is the only case that shows a p-n transition in the Hall effect measurements. Figure 10 presented the Hall mobility results of the Table 4 . All the n-type samples 
Discussion
As described in the foregoing section, bismuth, tellurium and antimony form a continuous solid solution of (Bi, Sb) 2 Te 3 by MA-PDS. All the bulk samples display the semi-conducting behavior within 80-380 K.
A comparison of room-temperature Seebeck coefficient of the (Bi 1−x Sb x ) 2 Te 3 materials processed by different techniques was made in Fig. 11 . It is noted that all the single crystals 4) are p-type semi-conducting, and the Seebeck coefficient shows a monotonic decrease with the Sb content. In the polycrystals, however, p-n transition occurs. The critical antimony content at which a p-n transition takes place is strongly dependent upon the sample preparation history. In the current MA-PDS cases, a p-n transition occurs at x ≈ 0.57. In the case of mechanical grinding and hot press (MG-HP), Oh et al. 4) reported a p-n transition at x ≈ 0.67, which is 10% higher than that of the current MA-PDS cases. For the thin films prepared by CVD/PVD, the Seebeck coefficient data at lower Sb contents are unavailable in the literatures. 8, 9) Nevertheless, one may expect that the p-n transition happens at much lower Sb content than in the sintered samples. As a result, the sample preparation history and the Sb content are two key factors determining the type of the dominant charge carriers in the (Bi 1−x Sb x ) 2 Te 3 thermoelectric materials. P-n transition is an interesting subject in the study of (Bi, Sb) 2 Te 3 solid solutions. In the single crystals all the compositions show p-type at room temperature. It is suggested that Te atoms vaporize during melting process, leaving Te vacancies in the lattice. The anti-site defects are generated by occupation of Bi and Sb atoms into the vacant Te sites and simultaneously holes are produced. On the contrary, occupation of excess Te atoms in the Bi/Sb lattice sites will produce n-type carriers. 9, 10) A previous study showed that in Bi 2 Te 3 and Sb 2 Te 3 crystals the concentration of the anti-site defects is in the order of 10 19 cm −3 . 11) In the current MA-PDS process, mechanical alloying results in a high density of point defects and Te/Bi vacancies in the alloyed powders. It was reported 12) that more Te vacancies than Bi vacancies are generated during deformation of Bi 2 Te 3 -based alloys. These defects cannot be completely annealed out during the subsequent sintering process. It is believed that the remaining defects will exert considerable influence on the transport properties of the final product. In addition, oxygen contamination during powder handling also affects the p-n transition by adding donor levels. 13, 14) Therefore, p-n transition is not controlled by only one mechanism. Detailed research on this subject is in progress.
The variations of Seebeck coefficient with temperature and Sb alloying levels are related to the change in the electronic structure near the Fermi energy. According to Boltzmann transport theory the Seebeck coefficient can be expressed as
where σ (E) is the electrical conductivity determined as a function of energy, and E F is the Fermi energy. Equation (1) suggests that S is optimized for the material that exhibits a rapid variation in σ (E) within a few kT of the Fermi energy. Obviously, the unusual band structure, in particular, a steep band edge near the Fermi energy, is favorable for a high value of S. The complicated change in Seebeck coefficient with x value in Fig. 5 indicates the solid solution gives rise to complex band structures in the ternary Bi-Sb-Te system. At room temperature, the most favorable band structure is developed at x = 0.725, which corresponds to the maximum Seebeck coefficient. In the presence of the detailed data on the band structure, it is difficult to suggest a quantitative explanation of the experimental results in Fig. 5 . On the other hand, the Seebeck coefficient of the p-type TE materials in the extrinsic conduction region can be expressed as 16) 
Here k B is the Boltzmann constant, γ the scattering related factor (γ = 0 for lattice scattering and 2 for impurity scattering), C the constant and n the carrier concentration. Based on the above equation, the decreased Seebeck coefficient at x > 0.725 can be reasonably attributed to the increased number of carriers, as shown in Table 4 .
As is well-known that the electrical conductivity (σ ) is proportional to the carrier concentration (n) and carrier mobility (µ) by σ = neµ, we can qualitatively understand the electrical behaviors of the sintered (Bi 1−x Sb x ) 2 Te 3 samples in Fig. 6 from the carrier concentration and Hall mobility results in Figs. 8 and 9 . At low temperatures, it is evident that the extremely low carrier mobility is responsible for the large resistivity of the samples with x = 0.50 and 0.60. The good electrical conductivity of the pure constituents of Bi 2 Te 3 and Sb 2 Te 3 is closely related to the high carrier concentrations in them. Alloying of Sb decreases, more or less, the carrier concentration, but exerts a complicated influence on the Hall mobility. With increasing temperature, a p-n transition occurs at around room temperature in the sample with x = 0.50, which is characterized by a rapid increase in the carrier density with temperature. Note that the intrinsic conduction takes place in the samples with x = 0.30, 0.50 and 0.60 above room temperature.
Quantitative determinations of lattice parameters of the (Bi, Sb) 2 Te 3 phase in Table 1 indicate that the unit cell of the (Bi, Sb) 2 Te 3 phase shrinks as more Sb atoms are alloyed because of the relatively small size of the antimony atoms. The lattice disordering caused by Sb alloying acts as effective scattering on phonons, leading to a decreased lattice thermal conductivity. 17) The compositional dependence of thermal conductivity in Table 2 shows that the most effective scattering is realized at x = 0.60.
We compared the room-temperature figure of merit of the bulk (Bi 1−x Sb x ) 2 Te 3 materials produced by different techniques in Fig. 12 . For single crystals, 4) the obtained Z values vary within 1.0-2.0 × 10 −3 K −1 . Enhanced Z values that are close to or greater than 3 × 10 −3 K −1 are available in the sintered polycrystals in the Sb-rich side. Irrespective of the processing techniques, the optimized Z values appear at x = 0.80 for the sintered polycrystals. At x = 0.80, the sample made by MA-PDS shows a figure of merit of 3.35 × 10 −3 K −1 , which is higher than that (3.07 × 10 −3 K −1 ) of the sample by MG-HP.
4) The decreased thermal conductivity is an important consideration for the enhancement in Z . In this way, the current MA-PDS approach is highlighted in that it is simple in processing and the Sb-rich, p-type products display high values of figure of merit at room temperature, say, 3.35 × 10 −3 K −1 at x = 0.80.
Conclusions
In this study, high-quality (Bi 1−x Sb x ) 2 Te 3 bulk thermoelectric materials that are dense and have refined microstructures have been successfully fabricated by means of a new processing technique, namely mechanical alloying followed by pulse discharge sintering (MA-PDS). Systematic transport property measurements demonstrate that the electrical, thermal and thermoelectric properties of the sintered (Bi 1−x Sb x ) 2 Te 3 compacts are quite sensitive to the Sb content. At room temperature, the samples show n-type semi-conducting at x < 0.57. At x > 0.57, however, the samples become p-type. A p-n transition happens in the sample with x = 0.50 at around room temperature. For other compositions, a single sign of charge carrier is predominant and therefore no p-n transition is detectable within 80-433 K. High values of roomtemperature figure of merit are realized in the Sb-rich, p-type samples. The maximum value of 3.35 × 10 −3 K −1 is attained at x = 0.80, which corresponds to the carrier concentration and Hall mobility of 1.95 × 10 19 cm −3 and 207 cm 2 /Vs, respectively. The current MA-PDS processing is highlighted in efficiently producing the bulk, Sb-rich (Bi, Sb) 2 Te 3 thermoelectric materials that exhibit enhanced room-temperature figure of merit.
